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An early step in establishing left–right (LR) symmetry in zebraﬁsh is the generation of asymmetric ﬂuid
ﬂow by Kupffer's vesicle (KV). As a result of ﬂuid ﬂow, a signal is generated and propagated from the KV
to the left lateral plate mesoderm, activating a transcriptional response of Nodal expression in the left
lateral plate mesoderm (LPM). The mechanisms and molecules that aid in this transfer of information
from the KV to the left LPM are still not clear. Here we provide several lines of evidence demonstrating a
role for a member of the TGFβ family member, Dvr1, a zebraﬁsh Vg1 ortholog. Dvr1 is expressed
bilaterally between the KV and the LPM. Knockdown of Dvr1 by morpholino causes dramatically reduced
or absent expression of southpaw (spaw, a Nodal homolog), in LPM, and corresponding loss of
downstream Lefty (lft1 and lft) expression, and aberrant brain and heart LR patterning. Dvr1 morphant
embryos have normal KV morphology and function, normal expression of southpaw (spaw) and charon
(cha) in the peri-KV region and normal expression of a variety of LPM markers in LPM. Additionally, Dvr1
knockdown does not alter the capability of LPM to respond to signals that initiate and propagate spaw
expression. Co-injection experiments in Xenopus and zebraﬁsh indicate that Dvr1 and Spaw can enhance
each other's ability to activate the Nodal response pathway and co-immunoprecipitation experiments
reveal differential relationships among activators and inhibitors in this pathway. These results indicate
that Dvr1 is responsible for enabling the transfer of a left–right signal from KV to the LPM.
& 2013 Elsevier Inc. All rights reserved.Introduction
Although vertebrates have bilaterally symmetric external body
plans, the internal organs, including the heart, gut and brain, have
highly conserved and concordant left–right asymmetries. In zebra-
ﬁsh, an early step in driving these LR asymmetries is the genera-
tion of extracellular ﬂuid ﬂow by motile monocilia found in the
transient structure called Kupffer's vesicle (KV) (Essner et al., 2005,
2002). Analogous structures were ﬁrst discovered in mouse, and
have recently been described in the gastrocoel roof plate (GRP) in
Xenopus and along the posterior notochord of in rabbit (Essner
et al., 2002; Nonaka et al., 1998; Okada et al., 2005; Schweickert
et al., 2007). This asymmetric ﬂuid ﬂow is thought to generate an
asymmetric signal on the left side of the KV. This idea is supported
by evidence that an unknown element of ﬂuid ﬂow causes
repression of the perinodally expressed Nodal inhibitor, Coco
(member of the Cerberus/Dan family), to allow activation of the
Nodal cascade speciﬁcally on the left side of the perinodal region
in Xenopus (Schweickert et al., 2010). Additionally the Cocoll rights reserved.
).orthologue in mice, Cerl2, is known to be target of ﬂuid ﬂow
(Nakamura et al., 2012). Charon, the zebraﬁsh orthologue to Coco
and Cerl2, may play a similar role; it is expressed around the KV,
is required for LR patterning and acts as a nodal inhibitor
(Hashimoto et al., 2004).
Once a left side-speciﬁc signal has been generated and sensed,
this signal must be transferred from the perinodal (peri-KV) region
to the left LPM, to initiate the expression of Nodal and Lefty
signaling cascade which, in turn, establishes left side identity by
inducing asymmetric expression of lefty and pitx2 gene family
members in organ primordia, and leads to morphological left–
right asymmetries (Hamada et al., 2002; Levin, 2005; Ramsdell
and Yost, 1998). Some evidence points to member of the TGFβ
super family, including mouse growth differentiation factor-1
(GDF1) and Xenopus Vg1 as molecules involved in this transfer
step. In mouse, GDF1 is expressed perinodally and knockout of
GDF1 causes an absence of nodal expression in LPM, without
altering Nodal expression around the node (Rankin et al., 2000;
Wall et al., 2000). When injected into Xenopus embryos, full-
length mouse GDF1 is capable of increasing the effective range of
Nodal protein, possibly by forming a complex with Nodal (Tanaka
et al., 2007). Additionally, Xenopus Vg1 has been shown to be
involved in LR development. Injections of an active form of Vg1,
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leads to complete reversal of left–right asymmetry, including
expression of the Nodal homolog xnr1 in right LPM, and inversion
of heart and gut asymmetry. In contrast, injection of activated Vg1
into left-side lineages does not alter LR patterning, suggesting that
the role of endogenous Vg1 on the left side is to establish the
asymmetric expression of xnr1 in LPM (Hyatt et al., 1996; Hyatt
and Yost, 1998).
Zebraﬁsh decapentaplegic and Vg-related-1 protein (Dvr1)
shares 79% identity in the mature domain with Xenopus Vg1
(Dohrmann et al., 1996). Like GDF1, the mature form of Dvr1
exhibits the ability to induce dorsal mesendoderm activity when
injected into Xenopus embryos (Dohrmann et al., 1996). Surpris-
ingly, the Dvr1 expression patterns relevant to LR patterning and
functional analysis of this gene in zebraﬁsh LR patterning have
not been explored. Here we present evidence suggesting that
Dvr1 is required for correct temporal and spatial expression of
spaw in LPM. Alone, full length Dvr1 is not an effective ligand to
induce Nodal responsive genes. However, Dvr1 is capable of
amplifying Spaw function, and may facilitate the initiation of
Spaw in LPM.Materials and methods
Morpholino and mRNA injections
All morpholinos were ordered from Gene Tools. The sequence
of Spaw MO is (5′-GCACGCTATGACTGGCTGCATTGCG-3′) (Long
et al., 2003). The sequence of Charon MO is (5′-CAAAAAAGCC-
GACCTGAAAAGTCAT-3′) (Hashimoto et al., 2004). The sequence of
the standard negative control MO is (5′-CCTCTTACCTCAGTTA-
CAATTTATA-3′). The sequence of dvr1 translation blocking MO
against, Dvr1 AUG MO is (5′-CTCTGAGGAGGACCAAGAACATTAT-3′).
The sequence of Dvr1 splicing blocking MO, Dvr1 Sp MO, is (5′-
CGTAAGATCCTCACCTTGATCCTGC-3′). MOs were injected at the
1–4 cell stages (Essner et al., 2005). Approximately 1 nl of MO
was injected into the yolk just beneath the cell(s). The MO
concentration injected for each MO is: Spaw MO 1.0 mM, Charon
MO 0.5 mM, Dvr1-AUG MO 1 mM, Dvr1 Sp-MO 2 mM and Ctrl
MO 0.5 mM.
All in vitro synthesized mRNAs were prepared using the
mMessage mMachine kit (Ambion) and were injected into one-
cell stage embryos. The amount of mRNAs injected were: BDvr1
100 pg, Spaw 100 pg, Cha 100 pg (co-injection with Spaw) and
1 ng (co-injections with BDvr1), Lft1 1 ng. Embryos were collected
at appropriate stages, ﬁxed and stored in 100% methanol until
further processing.
In situ hybridization and immunohistochemistry
In situ hybridization was performed as previously described
(Essner et al., 2005). RNAs for in situ were prepared using a
MAXIscript kit (Ambion) and RNA probes were labeled with a DIG
RNA labeleing kit (Roche). The following probes were used spaw
(Long et al., 2003), charon (Hashimoto et al., 2004), myoD
(Weinberg et al., 1996), lft1, lft2 (Bisgrove et al., 1999), ntl
(Schulte-Merker et al., 1994), hand2 (dHand) (Srivastava et al.,
1995), foxh1, oep (Schier et al., 1997), dvr1 (Helde and Grunwald,
1993) and gsc (Schulte-Merker et al., 1994).
Whole mount immunohistochemistry was performed as
described (Essner et al., 2005). Embryos were mounted in Slow
Fade reagent (Molecular Probes) on glass slides and images were
obtained using an Olympus Fluoview Laser scanning confocal
microscope. Images were processed and analysed using Image J
(NIH) and Adobe Photoshop (Adobe).RT-PCR
The effectiveness of Dvr1-Sp MO was determined by using
RT-PCR. RNA extraction was performed using Trizol reagent
(Invitrogen) followed by cDNA synthesis using RetroScript Kit
(Ambion). Ampliﬁcation of dvr1 cDNA was carried out by PCR
using the following oligos: (5′-TAATGTTCTTGGTCCTCCTCAGAGCC-3′)
and (5′-ATCCTGTTTGAACTTCATTTCCCAGCTGC-3′).
Plasmid construction
Clones of Spaw, HA-Spaw and Charon were kindly provided by
M. Rebagliati (Long et al., 2003). Dvr1 was received from D. Melton
(Dohrmann et al., 1996). Dvr1-Myc and Charon-Myc were tagged
with a 6 Myc tag in frame at the C-terminus of the construct. HA
tag was placed at the C terminus of Dvr1 by PCR to form Dvr1-HA.
All constructs were cloned into the pCS2+ vector.
Immunoprecipitation and Western blotting
Zebraﬁsh protein extraction was carried out as described (Link
et al., 2006). Zebraﬁsh embryos were deyolked in deyolking buffer
(55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO3) and washed once in
wash buffer (110 mM NaCl, 3.5 mM KCl, 2.7 mM CaCl2, 10 mM Tris/
Cl pH 8.5). Samples were dissolved in 2 SDS loading buffer in a
volume of 2 ml per embryo and heated to 95 1C for 5 min.
For immunopreciptation, Spaw-HA mRNA (4 ng), dvr1-Myc
mRNA (4 ng), dvr1-HA mRNA (4 ng) and charon-Myc mRNA
(3 ng) were injected into 4-cell stage Xenopus embryos and
embryos were collected at stage 11. Xenopus immunoprecipitation
was carried out as described (Kramer et al., 2002). Embryos were
lysed in lysis buffer (50 mM Tris/Cl pH 7.9, 150 mM NaCl, 1 mM
EDTA, 10% Glycerol, 0.5% Triton X-100, Roche Complete Mini
Protease inhibitors). After clearing the yolk, 2 ng anti-HA antibody
(3F10, Roche) was added to the lysate and incubated overnight at
4 1C. Antibody was recovered using Protein G Dynabeads (Dynal
Biotech ASA). After washing in lysis buffer three times, 2 SDS
loading buffer was added and the sample was heated to 95 1C for
5 min. Western blotting to detect Dvr1 was carried out with Anti-
Vg1 antibody (D5, 1:1000 dilution) (Tannahill and Melton, 1989) or
Anti-Myc antibody (9E10, Abcam, 1:1000 dilution).
Xenopus animal cap assay
Xenopus animal cap assay was performed as described
(Branford and Yost, 2002). Brieﬂy, mRNA was injected into a single
dorsal cell at the 32-cell stage. 0.1 ng Spaw+0.2 ng GFP, 0.2 ng
Dvr1+0.1 ng GFP and 0.1 ng Spaw+0.2 ng Dvr1 mRNAs were
injected. Embryos were ﬁxed at stage 10.5 in MEMFA and in situ
hybridization was performed using an Xbra probe.
Fluorescent bead injection and KV ﬂow analysis
Fluorescent bead injection and KV ﬂow analysis was carried out
as previously described (Essner et al., 2005; Neugebauer et al.,
2009).
LPM nodal protein injection
Mouse Nodal protein was purchased from R&D Biosystems.
For injection, the protein was diluted to 50 mg/ml in 1 mM
HCl+0.1% BSA. Zebraﬁsh embryos at 10–12 SS were embedded in
1% low melting temperature agarose and a volume of 0.5–1.0 nl
was injected into the posterior part of the right LPM. Water or
1 mM HCl+0.1% BSA was injected as a control. Embryos were
collected at 17–19 SS for in situ analysis of gene expression.
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Dvr1 knockdown alters LR development upstream of spaw
asymmetry
Overexpression studies of Vg1 in Xenopus and knockdown of
GDF1, its ortholog in mice, indicate Vg1 has important roles in LR
development (Hyatt et al., 1996; Hyatt and Yost, 1998; Rankin
et al., 2000), but the mechanisms by which Vg1 functions in LR
patterning are not clear, and the roles of the zebraﬁsh orthologue,
Dvr1, in LR development are unknown. We therefore assessed the
function of Dvr1 during LR patterning using two independentFig. 1. Knockdown of dvr1 in zebraﬁsh causes heart, brain and LPM laterality defects. (
hybridization. Value in each panel indicates the percentage of reversed heart looping, or
(C) dvr1 Sp morphants. (D)–(F) Asymmetric expression of lft1 in brain and expression
arrowhead) in control embryos (D) is lost in dvr1 morphants at 24 SS stage (E). Only a
quantiﬁcation of brain lft1 and heart lft2 expression in both uninjected and dvr1 AUG mo
of different categories of spaw lateral plate mesoderm expression (black arrow) at 17 SS
(H) Normal left-sided expression pattern of spaw. (I) Reduced spaw expression. (J) No
expression in control embryos, morphant embryos had reduced or no spaw expressionmorpholinos (MO) that either target Dvr1 translation (dvr1 AUG
MO) or RNA splicing (dvr1 Sp MO) (Supplementary Fig. 1).
The role of Dvr1 in LR development was ﬁrst assessed by
examining the orientation of heart looping at 48 hpf. Only 0.5% of
uninjected embryos exhibited reversed heart looping (Fig. 1A)
while knockdown of Dvr1 with either dvr1 AUG MO or dvr1 Sp MO
caused 21% and 33% reversed heart looping, respectively (Fig. 1B
and C). To further evaluate the molecular roles of Dvr1 in the LR
pathway, we examined markers of asymmetry in organ primordial,
lefty1 (lft1, brain asymmetry) and lefty2 (lft2, heart asymmetry)
(Bisgrove et al., 2000) by whole mount RNA in situ analysis.
Both lft1 and lft2 were absent in the majority of dvr1 morphants,A)–(C) Heart looping in control and morphant embryos, ventral view, cmlc2 in situ
ientation indicated by black lines. (A) Uninjected controls. (B) dvr1 AUG morphants.
in midline (white arrowheads) and asymmetric expression in lft2 in heart (yellow
remnant lft1 expression is maintained in posterior midline (F). (G) Table showing
rphant embryos. Values indicate percentage of normal expression. (H)–(J) Examples
stage. myoD expression is also shown as a reference for spaw migration (red arrow).
spaw expression. (K) Quantiﬁcation of spaw expression. In contrast to left-sided
in LPM.
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control (uninjected) embryos at 24 SS (Fig. 1D–G). As the asym-
metric expression of lft1 and lft2 in LR organs is dependent on
Spaw function, we examined spaw expression in dvr1 AUG
morphants (Long et al., 2003). At 18–20 SS, wildtype control
(uninjected) embryos showed spaw expression in the left LPM
(Fig. 1H and K) while dvr1 morphants displayed either a reduction
in spaw expression in left LPM, such that the expression domain
did not extend as far anteriorly as controls at a similar stage (Fig. 1I
and K), or a complete absence of spaw expression in LPM (Fig. 1J
and K).
It has been reported that some morpholino phenotypes are due
to the induction of p53-dependent cell death, not gene speciﬁc
effects, which can be tested by simultaneously knocking down p53
(Robu et al., 2007). In order to test which dvr1 morphant pheno-
types were the direct results of dvr1 knockdown, we co-injected the
p53 MO with the dvr1 MOs. At 24 h post fertilization (hpf) embryos
injected with either dvr1 AUG MO or dvr1 Sp MO exhibited a curled
down tail phenotype and head necrosis (Supplementary Fig. 2B, D).
These phenotypes were eliminated by when embryos were co-
injected with a p53 morpholino: both dvr1 AUG/p53 and dvr1 Sp/
p53 double morphants exhibited normal head development (Sup-
plementary Fig. 2C and E). At 48 hpf, the curled tail phenotype
persisted and both dvr1 AUG and Sp morphants also exhibited heart
edema (Supplementary Fig. 2G and I). Again, co-injection of p53MO
suppressed the heart edema and curled tail at 48 hpf (Supplemen-
tary Fig. 2H and J). This indicates that these stage-speciﬁc pheno-
types, commonly seen as morpholino p53-dependent artifacts
(Robu et al., 2007), are not Dvr1 speciﬁc effects. Importantly, in
contrast to p53 dependent phenotypes, dvr1/p53 double morphants
showed similar defects in spaw expression compared to dvr1 single
morphants (Supplementary Fig. 2K–S), indicating that abrogated
spaw expression was not due to p53-dependent morpholino arti-
facts. The downregulation of spaw expression in LPM suggests that
Dvr1 regulates a step in LR determination prior to the initiation of
asymmetric spaw expression in LPM.
In the mouse embryo, nodal expression in LPM induces lft1 in
midline (Yamamoto et al., 2003). In our study, all uninjectedFig. 2. Early expression patterns of dvr1 mRNA. Maternal dvr1 mRNA was detected from
LPM and tailbud. Green bars indicate regions for cross sections in (D) and (E), showing dv
heart ﬁeld at the 17 SS stage. (G) Posterior view at 17 SS stage, showing persistent tailbembryos had normal anterior midline expression of lft1 at 24 SS
(Fig. 1D). In contrast, over 90% of AUG dvr1 morphants lacked lft1
expression in the anterior midline (Fig. 1E) while 93% maintained
intact lft1 expression only in the extreme posterior region of the
midline (Fig. 1F). Normally, lft1 expression is initiated in the
tailbud region and then propagates anteriorly, and the posterior
expression domain of lft1 expression is due to Spaw activity in the
posterior region (Wang and Yost, 2008). Thus the lack of lft1 and
lft2 expression in dvr1 morphants in organ primordia and anterior
midline suggests that even though Spaw activity is present in the
posterior region at this stage, it does not extend toward the
anterior region of the embryo.
The phenotypes of dvr1 morphants were very similar to those
of spaw morphants (Long et al., 2003), including reversal of heart
looping, absence of LPM spaw expression and absence of asym-
metric markers in organ primordia. In these and other examples
(Long et al., 2003; Wang and Yost, 2008), it is important to note
that cardiac reversals are generated not by reversed (i.e. right side
only) spaw expression in LPM, but by absence spaw expression in
the anterior LPM. This concurs with the model that asymmetric
spaw LPM expression imposes a bias on cardiac orientation, and in
the absence of this bias, cardiac orientation is reversed in a subset
of embryos. Together, these results suggest that Dvr1 knockdown
perturbs LR development by reducing spaw expression in LPM,
leading to subsequent loss of downstream asymmetric genes lft1
and lft2.
Dvr1 expression is present in tissues pertinent to LR patterning
The dvr1 morphant heart looping and spaw expression pheno-
types suggest that Dvr1 plays a role in the early steps of LR
development. Thus, we examined dvr1 expression in tissues that
are pertinent to the early steps of LR patterning in zebraﬁsh.
Consistent with previous results (Helde and Grunwald, 1993),
maternal dvr1 was expressed during early embryonic stages
(Fig. 2A and B) until approximately 70% epiboly (data not shown).
Zygotic dvr1 mRNA expression was strong around the tailbud
region and in both left and right LPM until 15 SS (Fig. 2C–E) as(A) 4-cell stage to (B) 50% epiboly. (C) Zygotic dvr1 expression at tailbud stage, in
r1 expression in LPM and tailbud. (F) Dorso-anterior view of dvr1 expression in the
ud expression and no expression in poserior LPM.
Fig. 3. Initiation in LPM can occur in dvr1morphants and timing is dependent on mix of activators and inhibitors. (A) Control (BSA injected) wildtype embryos show normal
left-sided spaw expression. Embryos injected with Nodal protein on right side, (B) anterior view and (C) same embryo, posterior view, had both native left-sided and ectopic
right-sided LPM spaw expression (black arrows). Midline lft1 expression (white arrow) and somitic myoD expression serve as spatial landmarks. (D) Control (BSA injected)
dvr1 morphant embryos exhibit no spaw expression. (E) and (F) dvr1 morphant embryos injected with Nodal protein on the right side exhibit ectopic right-sided spaw
expression. (E) Same Nodal-injected dvr1 morphant, (E) posterior and (F) anterior views. (G) Quantiﬁcation of right-sided spaw expression in uninjected controls, BSA
injected controls, Nodal protein injected into right side of wildtype embryos, dvr1 morphants injected with BSA on the right side, and dvr1 morphants injected with Nodal
protein on the right side. (H) Quantiﬁcation of left-sided (normal) spaw expression in single and double morpholino injected embryos. (I) Quantitative measurements of
initiation and posterior-to-anterior propagation of spaw expression in LPM of wildtype, cha morphants, and dvr1+cha double morphants.
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tailbud was restricted to the superﬁcial layers corresponding to
the region of KV (Fig. 2E). Zygotic dvr1 expression was observed in
the heart ﬁeld and tailbud at 17 SS, but was lost in lateral plate
mesoderm (Fig. 2F and G, respectively), and was diminished
throughout the embryo by 30 hpf (data not shown). As in other
vertebrates, there were no apparent LR asymmetries in zygotic
dvr1 mRNA expression patterns. However, expression in tailbud
and LPM suggests that Dvr1 may function in either or both of these
regions that are critical for LR development.
LPM and midline development appear normal in dvr1 morphants
To assess whether the absence or reduction of spaw expression
in LPM is due to developmental defects in LPM, midline or tailbud,
we examined key markers of these regions in dvr1 morphants.
Expression of the LPM markers hand2, oep, foxh1 (Supplementary
Fig. 3), gata4 and gata6 (data not shown) was similar in morphants
and uninjected controls, suggesting the LPM is present and normal
in dvr1 morphants. Midline development is also unaffected in dvr1morphants as shown by normal expression of ntl, oep and foxh1
(Supplementary Fig. 3).
Posterior midline lft1 expression is present before asymmetric
LPM spaw expression at 10 SS, and this expression is likely due to
peri-KV Spaw activity (Wang and Yost, 2008). At 10 SS, all wildtype
(uninjected) and 98% of dvr1morphants had normal peri-KVl spaw
expression (Supplementary Fig. 3I and J) indicating that peri-KV
spaw expression is unaffected by loss of dvr1. However, while 98%
of wildtype embryos had posterior midline lft1 expression at this
stage, only 22% of dvr1 morphants had this expression. These
results suggest that although peri-KV spaw expression is normal in
dvr1 morphants, the ability of peri-KV Spaw to induce lft1
expression in the posterior midline is diminished.
LPM nodal signaling pathway is intact in dvr1 morphants
During LR development, LPM responds to signals generated
by KV and the tailbud to initiate asymmetric spaw expression.
The LPM then propagates the expression of spaw from the posterior
to the anterior of the embryo: from the tailbud to the gut, heart and
A.G. Peterson et al. / Developmental Biology 382 (2013) 198–208 203brain primordia that will form LR asymmetric organs (Wang and
Yost, 2008). Our analysis of markers suggests that the structures of
LPM and midline are normal. Importantly, some of the markers
used in this analysis, Oep and FoxH1, are TGFβ signaling pathway
components that are required for Nodal and Vg1 signaling. Normal
expression of these two genes suggests that the loss of spaw
expression in LPM and loss of lft1 expression in midline are not
due to the absence of downstream TGFβ response elements
(Supplementary Fig. 3). However, expression of the Nodal respon-
sive genes, lft1 and lft2 were predominantly absent in the mor-
phants (Fig. 1E). It was therefore important to investigate whether
knockdown of dvr1 causes Nodal signaling pathway defects. To test
whether LPM was still competent to respond to Nodal signaling, we
ectopically injected Nodal protein directly into the posterior end of
the right LPM at 10 SS (before spaw is normally initiated in left LPM)
and examined spaw expression on the right side in LPM at 18 SS.
This allowed us to determine whether the LPM was able to respond
to Nodal and correctly upregulate Nodal response genes in both
LPM and midline. Sixty percent of wildtype embryos injected with
Nodal displayed ectopic spaw expression on the right-side of the
embryo (Fig. 3B and G), indicating that the wildtype right LPM was
able to respond to ectopic Nodal protein. Similarly, about 50%
of Nodal injected dvr1 morphants exhibited spaw expression on
the right side (Fig. 3E and G), suggesting that the right LPM in dvr1
morphants was also capable of responding to Nodal. There is,
however, a striking difference in the proportions of embryos
exhibiting bilateral and right-sided spaw expression in Nodal
injected wildtype versus dvr1 morphant embryos. Fifty percent of
wildtype embryos, compared to only 10% of dvr1 morphant
embryos, had bilateral expression (data not shown). In contrast,
only about 10% of wildtype embryos, compared to 40% of dvr1
morphant embryos, had right-sided only spaw expression. This
difference conﬁrms that ectopic Nodal protein can induce spaw
expression in the right LPM in both wildtype and dvr1 morphant
embryos but the native spaw expression in the left is insufﬁcient to
overcome the effect of dvr1 morpholino. Additionally, LPM expres-
sion of spaw extended to the anterior end of the right LPM in both
wildtype and dvr1 morphants (Fig. 3C and F, 100% in embryos with
right-side spaw expression), suggesting that the ability of LPM to
propagate posterior to anterior spaw expression is not compro-
mised in dvr1 morphants.
Lefty and charon morpholinos rescue dvr1 morphants
Morpholino knockdown of two known inhibitors of Nodal
signaling, Lft1 or Charon results in precocious spaw initiation in
LPM (Wang and Yost, 2008). These two spaw inhibitors are
expressed in the midline and peri-KV region, respectively. We
hypothesize a “threshold” model to explain this result. Following
KV ﬂuid ﬂow, left-sided Spaw, either alone or in a complex, is
transferred from the peri-KV region to LPM where it can initiate
spaw expression once a threshold level of Spaw activity has been
met. When the level of Spaw inhibitors is reduced by morpholino,
a higher level of Spaw activity can accumulate in the peri-KV
region resulting in acceleration of KV to LPM transfer step.
According to this model, the loss of spaw expression in LPM of
dvr1 morphants may be a result of an inhibition of the transfer
step, suggesting that loss of dvr1 prevents or delays the accumula-
tion of the threshold level of Spaw required to induce LPM spaw. If
this is the case, then increasing peri-KV Spaw activity by reducing
its inhibitor, Charon, should “rescue” the LPM spaw expression
defect in dvr1 morphants. Wildtype control and cha MO injected
embryos exhibited over 90% left-sided spaw expression while only
40% of dvr1 single morphants and approximately 40% dvr1/control
double morphants showed left-sided spaw expression (Fig. 3H).
In contrast, in dvr1/cha double morphants left-sided spaw expressionwas rescued to 90% (Fig. 3H). This result is consistent with our
hypothesis that a reduction of the Spaw inhibitor, Charon, can rescue
LPM spaw expression defects in dvr1 morphants.
We previously developed a method to quantitatively measure
the propagation rate of spaw expression in LPM (Wang and Yost,
2008). This method plots the position of the anterior edge of the
LPM spaw expression domain at distinct developmental stages as
measured by the number of somite pairs. From this plot we can
identify both the propagation rate of spaw expression in LPM by
the slope and the timing of LPM spaw initiation by the somite
stage of the embryo. The restored LPM spaw expression in dvr1/cha
double morphants allowed us to assess the effect of dvr1 knock-
down on spaw propagation. Both cha morphants and dvr1/cha
double morphants showed bilateral spaw expression. We classiﬁed
bilateral spaw expression into three groups: left-side leading,
bilateral equivalent and right-side leading. Since the leading edge
represents the side that initiates LPM spaw expression earlier, the
leading edge was grouped together regardless of the sidedness of
the leading side. The trailing edge was plotted similarly. For
embryos that had bilateral equivalent spaw expression, the posi-
tion of the expression boundary was incorporated into both
leading and trailing data.
Concurring with our previous ﬁnding (Wang and Yost, 2008),
these plots indicated that spaw was initiated in cha morphants
earlier than in wildtype uninjected embryos (Fig. 3H). The leading
edge in cha morphants was approximately 2.5 somite lengths
ahead of wildtype at each stage, indicating that spaw initiation is
approximately 1.25 h (2.5 somite cycles) earlier than that of the
wildtype (Fig. 3I). However, the plotted line for chamorphants was
parallel to the wildtype, with a similar slope. The parallel lines
indicate that the timing of spaw initiation is earlier in cha
morphants, but once initiated, the rate of spaw propagation
through the LPM is not altered in cha morphants. Similarly, the
plot of the leading edge in dvr1/cha double morphants was parallel
to wildtype, indicating that the rate of LPM spaw propagation is
not affected by double morpholino knockdown. However, the plot
for double morphants was about 1.5 somite lengths behind wild-
type, suggesting that spaw initiation in LPM is delayed by approxi-
mately 45 min. Compared to cha single morphants, dvr1/cha
double morphants showed an approximately 2 h delay in LPM
spaw initiation.
From these results, we draw two conclusions. First, the propa-
gation rate of spaw expression in LPM is not affected by dvr1
knockdown. Second, the net effect of dvr1 knockdown is to delay
the initiation of spaw expression in LPM. This is consistent with
the hypothesis that in dvr1 morphants, it takes a longer amount of
time to reach the required threshold level necessary to initiate
spaw in LPM. An alternative possibility is that the apparent delay
of LPM spaw initiation in dvr1 morphants is due to an increased
response threshold in LPM (i.e. that LPM in dvr1 morphants
requires a higher dose of molecules to initiate expression of spaw).KV structure and cilia-dependent asymmetric ﬂuid ﬂow are normal
in dvr1 morphants
Our data suggest that dvr1 morphants have normal LPM and
midline development. The midline and LPM in dvr1morphants can
also respond to ectopic Nodal protein and propagate spaw expres-
sion normally, once it is initiatied. Thus, it is likely that Dvr1
regulates a step upstream of spaw initiation in LPM. The expres-
sion domain of dvr1 in zebraﬁsh tailbud encompasses KV (Fig. 2C,
E and G) and overlaps with peri-KV spaw and charon expression
domains that are essential for normal asymmetric LPM spaw
expression. Therefore, we asked whether knockdown of dvr1
perturbs either spaw or charon peri-KV expression. We found that
Fig. 4. KV morphology and ﬂow is normal in dvr1 morphants. (A) and (B) Cha expression in (A) uninjected embryos and (B) dvr1 morphants. (C) and (D) Peri-nodal spaw
expression in (C) uninjected and (D) dvr1 morphant embryos. (E) and (F) KV shape in (E) uninjected and (F) dvr1 morphant embryos. (G) KV cilia number in wildtype and
dvr1 morphant embryos. (H) and (I) KV cilia labeled by α-alpha-tubulin antibody in (G) uninjected and (H) dvr1 morphant embryos. (J) KV cilia length in wildtype and dvr1
morphant embryos. (K) and (L) Fluorescent bead tracking of ﬂuid ﬂow in KV in (K) uninjected wildtype and (L) dvr1 morphants. Each colored line represents the track of an
individual bead. (M) Average ﬂuorescent bead velocity.
A.G. Peterson et al. / Developmental Biology 382 (2013) 198–208204both the expression domain and the expression levels of peri-KV
spaw and charon were unchanged in dvr1 morphants (Fig. 4A–D).
Additionally, other indicators of KV function are unaltered in
dvr1 morphants. Dvr1 morphants had normal KV structure (Fig. 4E
and F) and normal numbers of cilia present in the KV (Fig. 4G).
Although average cilia length of dvr1 morphants was shorter than
that of uninjected embryos (Fig. 4H–J), the length was sufﬁcient to
produce normal ﬂuid ﬂow as measured by tracking the movement
of ﬂuorescent beads injected into KV (Fig. 4K–M. Together, these
results suggest that the LR patterning defects in dvr1 morphants
occur after the function of KV ﬂuid ﬂow, during the transmission
of LR information from KV to the LPM.
Interactions among Spaw, Charon and Dvr1 and long-range activity
of spaw
Mouse GDF1 and Nodal are known to form a complex and this
complex may increase the activity of Nodal (Tanaka et al., 2007).
Therefore, we asked whether Dvr1 affects the transfer of spaw
from KV to LPM by enhancing peri-KV Spaw functional activity.
Utilizing the Xenopus animal cap assay wherein Nodal family
members can induce ectopic xbra expression (Branford and Yost,
2002), we tested whether dvr1 can induce xbra expression.Zebraﬁsh dvr1 mRNA injected into Xenopus animal cap cells
induced a small amount of ectopic xbra expression (Fig. 5C and
F) indicating that dvr1 is capable of only weakly inducing the
Nodal response pathway. In contrast, spaw mRNA injection
induced a larger ectopic xbra expression domain (Fig. 5D and F).
Strikingly, the area of ectopic the xbra expression domain was
consistently larger when dvr1 mRNA and spaw mRNA were
coinjected, compared to either dvr1 or spaw alone (Fig. 5E and
F). This result indicates that Dvr1 and Spaw can enhance each
other's ability activate the Nodal response pathway.
To evaluate protein interaction between Dvr1 and Spaw, we
injected mRNAs encoding epitope tagged forms of dvr1, spaw and
charon (as a control) into Xenopus embryos. Embryos were injected
at 2–4 cells, collected and lysed at stage 10.5, and immunopreci-
pitations were performed followed by Western analysis (Fig. 6A).
In contrast to results using mouse Nodal and GDF1 in Xenopus
oocyte-conditioned media (Tanaka et al., 2007), strong binding
between Dvr1 and Spaw was not detected (Fig. 6B). Our results
suggest that there is either no interaction or a very transient
interaction between Spaw and Dvr1 synthesized by embryonic
cells. Spaw and Charon proteins synthesized by embryonic cells
displayed strong interactions (Fig. 6B), echoing previous results
performed in both cell culture and frog (Hashimoto et al., 2004;
Fig. 5. Dvr1 and Spaw mutually enhance the activation of the Nodal response
pathway in Xenopus. (A) Method of injection of mRNAs for Xenopus animal cap
assay. D is dorsal and V is ventral. Embryos were evaluated for ectopic xbra
expression at stage 10.5. The black arrow on the diagram indicates ectopic xbra
expression and the red arrowhead indicates endogenous xbra expression. (B)–(E)
Evaluation of ectopic xbra expression in embryos injected with (B) control GFP
mRNA, (C) dvr1 mRNA, (D) spaw mRNA and (E) dvr1 and spaw mRNA. (F)
Quantiﬁcation of the area of ectopic xbra expression in dvr1 (n¼53; 17/53 had
no ectopic expression), spaw (n¼51; 19/51 had no ectopic expression) and dvr1
+spaw (n¼76) mRNA injected embryos. Results are averages from 4 different
batches of embryos, and include embryos that exhibited no ectopic xbra expres-
sionfor. Error bars: s.e.m.
Fig. 6. Spaw and Dvr1 do not Co-Immunoprecipitate. (A) Scheme of protein co-
precipitation assay. Xenopus embryos were injected with mRNAs at 2–4 cell stage
and collected at stage 10. Cleared lysates were loaded directly onto gels (“input”) or
in parallel were used for immunoprecipitation by anti-myc or anti-Flag epitopes,
which were then loaded on gels and processed for Western Blot analysis.
(B) Western result with anti-HA antibody shows that there is a strong interaction
between Spaw and Charon, but not Spaw and Dvr1. Anti-FLAG IP was used as a
control for IP.
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acted only weakly (Fig. 6B), suggesting that the enhancement of
Spaw activity is unlikely to occur by Dvr1 direct binding and
competition for Charon.
Activated Dvr1 utilizes components of the Nodal signaling path-
way. However, we found that Dvr1 is different from Nodal in its
ability to form a complex with Charon. We next tested whether
Charon can also inhibit the Dvr1 signaling pathway. Since the native
Dvr1 pro-domain is not processed efﬁciently in zebraﬁsh embryos
(Dohrmann et al., 1996), we used Bdvr1, in which BMP4 pro-domain
is fused to the Dvr1 mature domain, allowing efﬁcient expression of
mature Dvr1 (Thomsen and Melton, 1993) to test Dvr1 function.
When injected into zebraﬁsh embryos, either spaw or Bdvr1
mRNA induced ectopic goosecoid (gsc) expression (Fig. 7B and E).
Consistent with a previous report (Hashimoto et al., 2004), charonmRNA could inhibit the function of spaw when the mRNAs were
coninjected at a 1:1 ratio (Fig. 7C). This inhibition concurs with the
ability of Spaw and Charon to form a complex, as suggested by IP
(Fig. 6B). In contrast, Charon was not able to inhibit the function of
BDvr1 even when the mRNAs were injected at a 10:1 ratio
(Fig. 7F), consistent with our observation that Charon and Dvr1
cannot form a strong protein interaction complex. This suggests
that Charon is an inhibitor of Spaw but not a direct inhibitor of the
Dvr1 signaling pathway. In direct contrast to the differential
speciﬁcity of Charon, Lft1 was able to inhibit the function of both
Spaw and BDvr1 in co-injection assays (Fig. 7D and G), suggesting
Lft1 can inhibit both Spaw and Dvr1 signaling pathways.Discussion
Correct asymmetric expression of Nodal protein (spaw in
zebraﬁsh) in the lateral plate mesoderm (LPM) is required for
the establishment of normal LR patterning in major organs later in
development and relies on two main steps: initiation and propa-
gation of spaw. Most genes that are upstream of asymmetric Nodal
expression in LPM are involved in cilia-dependent asymmetric
ﬂuid ﬂow. In contrast, we provide several lines of evidence that
Dvr1 is required for normal initiation of spaw expression in the left
LPM by facilitating the transfer of the asymmetric signal from KV
to LPM.
Zygotic dvr1 is expressed in the peri-KV region during spaw
initiation and dvr1 knockdown by morpholino has no apparent
effects on differentiation in this region. Normal KV formation and
cilia-dependent asymmetric ﬂuid ﬂow are preserved in dvr1
morphants, as are the peri-KV expression domains of spaw and
its inhibitor, charon (Fig. 4). Dvr1 morphants exhibit normal
midline development, normal LPM differentiation (as show by
LPM markers in Supplemental Fig. 3), normal expression of Nodal
signaling pathway components, and LPM retains the ability to
respond to Nodal signaling (Fig. 3). These results point to a defect
Fig. 7. Charon inhibits Spaw but not BDvr1. (A) Endogenous gsc expression in control GFP mRNA injected zebraﬁsh embryos. (B) spaw mRNA alone expands the gsc
expression domain while co-injection of either (C) charonmRNA or (D) lefty1mRNA suppresses the gsc expression enhancement caused by spaw alone. (E) Injection of Bdvr1
mRNA expands the expression domain of gsc. (F) Coinjection of charon with Bdvr1 cannot block the ectopic expression of gsc induced by Bdvr1 even when charon mRNA is
injected at 10 times the concentration as that able to suppress ectopic gsc expression caused by spaw. (G). Lefty1 coinjection with Bdvr1 is able to suppress the ectopic gsc
expression caused by Bdvr1. (H) Quantiﬁcation of gsc expression patterns in injected embryos.
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the LPM. Quantiﬁcation of spaw initiation and propagation in LPM
reveal that loss of Dvr1 delays the initiation of spaw expression in
the LPM (Fig. 3). Since the symmetrical peri-KV spaw expression is
intact, this delay suggests that Dvr1 affects the LR signaling
transfer step from peri-KV to LPM. This result is strongly sup-
ported by the observation that knockdown of the Spaw inhibitor,
Charon, restores normal spaw LPM expression in dvr1 morphants
(Fig. 3).
We also determined that Dvr1 and Spaw are capable of
enhancing their mutual activity, both in Xenopus animal cap assays
(Fig. 5) and in zebraﬁsh embryos (Fig. 7). From these results, we
propose that Dvr1 and peri-KV Spaw are required together to
reach a threshold level required for the initiation of Spaw expres-
sion in LPM. The mechanism of the mutual enhancement of Dvr1
and Spaw activity is not clear. We did not detect a stable protein
interaction between Dvr1 and Spaw, different from the previous
result suggesting that a complex can be formed between mouse
GDF1 and mouse Nodal (Tanaka et al., 2007). This discrepancy
might be due to the cells used to generate proteins for IP or it
might suggest that interactions between Vg1 family members and
Nodal family members are transient and occur on the extracellular
matrix (Marjoram and Wright, 2011). On the other hand, complex
formation between Vg1 family members and Nodal family mem-
bers does not provide an explanation for the result that activated
Vg1 alone is capable of inverting LR development in Xenopus in a
cell-lineage dependent manner (Hyatt and Yost, 1998).Dvr1 facilitates the transfer of peri-KV spaw to the LPM
We previously found that LPM spaw expression can be detected
at approximately 13 SS in wildtype embryos, and the timing of
LPM spaw initiation is much earlier when Nodal inhibitors lft1 or
cha are knocked down (Wang and Yost, 2008). Here, we propose a
“threshold” model to explain the relationship between peri-KV
Spaw and Dvr1 activity and the timing of spaw initiation in LPM
(Fig. 8). In WT embryos prior to KV ﬂuid ﬂow, no Spaw-inducing
signal escapes the peri-KV region due to repression of Spaw by its
inhibitors, Charon and Lft1, and there is no LPM spaw expression
(Fig. 8A). Once ﬂuid ﬂow is present in KV of WT embryos, a left-
side speciﬁc signal is generated (Fig. 8B). This signal may be the
downregulation or repression of charon on the left, as proposed in
Xenopus (Schweickert et al., 2010) or upregulation of charon on the
right (Schneider et al., 2010). Regardless of the mechanism, spaw is
repressed on the right by charon, preventing the transfer of signal
on the right side, while signal is transferred on the left side to the
LPM. This signal is only transferred from the peri-KV region to the
LPM when its accumulation reaches a certain “threshold” causing
initiation of LPM spaw expression (Fig. 8B). As evidenced by
knocking down the Spaw inhibitor Charon, the time required to
reach this threshold in the LPM correlates with the balance of peri-
KV Spaw activity and its inhibitors (Fig. 3I). When Charon is
knocked down, peri-KV activity on both the left and right sides
reach the necessary threshold more quickly, and resulting in
earlier spaw initiation in LPM (Fig. 8C) (Wang and Yost, 2008). In
Fig. 8. Schematic model of regulation of LR development by Dvr1. (A) In WT
embryos prior to KV ﬂow, there is no LPM expression of spaw. (B) Once ﬂuid ﬂow
begins in KV in WT embryos, Charon is repressed and Spaw and Dvr1 cooperate to
transmit the asymmetric signal from the KV to the LPM. Both spaw and dvr1mRNAs
are expressed symmetrically in the peri-KV region, but the activities of Spaw and
Dvr1 proteins (indicated by green and blue arrows, respectively) are thought to
function asymmetrically. (C) In charon morphants, the asymmetric signal from KV
is overcome as lack of Charon allows the bilateral transmission of signal. In both (D)
spaw morphant embryos and (E) dvr1 morphant embryos the KV generates a left-
side speciﬁc signal, but in the absence of mutually enhancing dvr1 and spaw, that
signal is unable to be propagated to the LPM.
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knocked down, making it difﬁcult to reach the required threshold
level, resulting in delay or absence of spaw initiation in LPM
(Fig. 8D and E). This delay is most evident in the context of
reducing the Nodal inhibitor cha: spaw LPM initiation is delayed by
approximately 2 h in dvr1/cha double morphants compared to cha
single morphants (Fig. 4I). This observation emphasizes theimportance of Dvr1: even a loss of a Spaw inhibitor cannot
overcome the requirement of Dvr1 in facilitating the transfer of
signal from the peri-KV region to the LPM.
Dvr1 is required to transfer information from cilia-dependent
asymmetric ﬂuid ﬂow to asymmetric gene expression in the LPM,
across the “gap” between the peri-KV region and the LPM. In many
ways, Nodal and Dvr1 are functionally equivalent in this step: both
are expressed bilaterally in cells adjacent to ciliated cells, medial to
LPM; both are required for the initiation of asymmetric gene
expression in the LPM; both have the capability of inducing nodal
response genes when placed ectopically in right LPM, or in a
variety of other assays. The pre-eminence of Nodal as the prime
mover of information across this gap is perhaps a historical
anomaly, it was the ﬁrst shown to do so. Strikingly, only activated
Vg1, and no other member of the TGFβ superfamily, including
Nodal and activin, has the ability to fully invert LR asymmetry
(Hyatt and Yost, 1998), arguing that Vg1 is the predominant player
in the pathway, and Nodal has a supporting role. In this view there
are two possibilities the roles of Nodal (spaw) and Dvr1 in this
transfer process. First, free Spaw may be required to convert an
inactive form of Dvr1 to an active form, transferring the LR signal
from the peri-KV region to LPM. In the absence of the inhibitor
Cha, higher levels of peri-KV Spaw might drive the conversion of
inactive to active Dvr1 more quickly, resulting in earlier (and
bilaterally symmetric) initiation of spaw in LPM. In this case,
removal of the inhibitory effects of Charon leads to initiation in
both left and right LPM, independent of the effects of KV ﬂuid ﬂow
(Fig. 8C). In dvr1 morphants, the conversion from inactive to active
Dvr1 would be slower due to the lack of Dvr1 protein, resulting in
an absence or severe delay in spaw initiation in LPM (Fig. 8E).
Second and alternatively, asymmetric ﬂuid ﬂow may be directly
responsible for converting Dvr1 to its active form, which then
cooperates with peri-KV Spaw to initiate LPM expression. This
seems less likely, since mutants that lead to defective or absent KV,
such as no tail and casanova, are still able express spaw in LPM
(Amack et al., 2007; Essner et al., 2005).
In conclusion, we provide evidence that Dvr1 is responsible for
establishing LR asymmetry by facilitating the transfer of the
asymmetric signals, in cooperation with Nodal/spaw, from peri-
KV to LPM in zebraﬁsh embryos.Acknowledgements
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